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Abstract 
The cured condensed polynuclear aromatic (COPNA) resin has excellent thermal stability and self-lubricating property which is 
popular for friction materials. However the cured resin has brittleness and poorly molding process due to its high cross-linking 
density. In this paper, the allyl-COPNA-BMI copolymer resin is prepared via a solution polymerization method, its structure, and 
its mechanical and tribological properties are investigated with FT-IR, SEM, TGA techniques. The copolymer anti-friction and 
anti-wear behaviors are tuned by varying the N,N'-4,4'-diphenylmethane-bismaleimide(BMI) monomer loading. The  mechanical 
properties of the copolymer is the best when the BMI loading is 20 wt% upon these results. The tensile and impact strength of the 
copolymer/BMI 20 wt% is 12 MPa and 13.9 MPa, respectively. The lowest friction coefficient of copolymer/BMI 30wt% is 0.27, 
and its abrasion rate is 0.601510-6mm3/Nm. The initial thermal decomposition temperature of the copolymer/BMI 40wt% is 400 
oC and 46.5 wt% of char residue ratio at 642 oC. The copolymer resins exhibit good thermal stability, abrasive resistance and 
mechanical properties compared to the pure COPNA.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1. Introduction 
High performance materials have been developed in the last several decades to meet the requirement for advanced 
technology development. While the materials have the processing difficulty,  it is very important to develop material 
with good processability and high performance for industrial application. Among these applications, some are 
related to tribological components, where the selflubrication properties of polymer are of advantage[1–3]. Ota M. et al. 
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have ever made the chemistry to synthesise the condensed polynuclear aromatic (COPNA) resin in 1989 using 
monomeric polyaromatic hydrocarbon via a polymerization reaction[4-5]. They found that COPNA resin can be used 
for preparation of friction materials, lubrication materials and carbon fiber owning to its excellent property of self-
lubrication, high heat-resistance and the endophilicity to the carbon materials[6-8]. Only recently there has been a 
detailed study in the polymerization of naphthalene, pyrene, anthracene monomers and the properties of the resultant 
polymers[9-13]. The monomers polymerize through electrophilic substitution polymerization with acid catalyst 
activated polymerization. Upon polymerization, a polymer with a polycyclic aromatic hydrocarbons group and a 
benzylated bridge as a repeating unit is produced. However, the reaction conditions of these methods partially are 
rigorous, such as high polymerization temperature, long reaction time and strong acidic catalyst. Yin Jie prepared 
COPNA resin using α-naphthalene as monomers and benzaldehyde as crossing agent with the existence of acid 
catalysts[14]. The polymerization occurs under the p-toluenesulfonic acid temperature at the temperature about 120 
oC. The uncross-linked COPNA resins obtained are found to possess good fluidity, and cross-linked resins possess 
high heat-resistance. But the unmodified COPNA resins have also some other shortcomings, such as brittleness 
because of their high crosslinking density after polymerization and poor processability, poor solubility in ordinary 
solvent and poor mechanical properties[15].  
Bismaleimide (BMI) is another class of high performance thermosetting resins due to their excellent 
thermomechanical properties compared with typical phenolic and epoxy resins of the most popular high-
performance polymers. The maleimide structure has been introduced into many polymeric systems aiming at 
improving thermal stability and mechanical properties[16–18]. It is expected that combining the COPNA resin and 
maleimide chemistry generates the new material of high properties. The incorporation of the maleimide functionality 
into the COPNA(α-naphthalene as monomer) resulted in an increased char yield and Tg temperature without 
increasing the viscosity of the monomer significantly[19,20]. In one of the most desirable methods, BMI is 
copolymerized with allyl compounds such as o,o‘-diallybisphenol A, o,o-diallybisphenol A ether, allylated novolac 
and allylated xylok. Phenyl groups in these allyl compounds improve heat-resistance of the modified resin. 
Condensed polynuclear aromatic (COPNA) resin is as a novel type of heat-resistant resin[21], which is often used in 
production of friction materials[22].  
In the paper, we report the preparation and properties of the allyl-COPNA-BMI copolymer and their anti-friction 
and anti-wear behavior via changing the mass fraction of BMI in the copolymer resin. The results showed that the 
prepared resins had excellent thermal stability, high mechanical, anti-wear and friction properties, and solubility in 
acetone solvent.  
2. Experimental 
2.1. Material 
Naphtho(AR), Benzaldehyde(AR), p-toluenesulfonic acid(AR) was purchased from the China National 
Pharmaceutical Group Corporation. N,N'-4,4'-diphenylmethane-bismaleimide(BMI) was purchased from the Laiyu 
Chemical Co., Ltd. (Yantai, China). Allyl chloride(AR) was purchased from the China National Pharmaceutical 
Group Corporation and used after distillation. Ethanol (100%, AR), N,N-dimethyl-formamide(DMF)was obtained 
from Tianjin Fuchen Chemical Reagents Factory, China. 
 
2.2. Preparation of allyl COPNA-BMI copolymer resin 
Allyl COPNA resin used was prepared according to the procedure described in the study[21], and the reaction 
principle for the preparation of allyl COPNA resin is illustrated in Fig.1. The allyl COPNA resin had a number 
average molecular weight of 1906 (polydispersity index 1.520), a softening point of 52.6 oC and an allylation degree 
of 93.5%[22]. For the preparation of allyl COPNA-BMI resin, 15 ml the mixed solvent was added into a three-necked 
flask equipped with a reflux condenser and electric mixer, 10 g allyl COPNA resin were dissolved in a three necked 
flask which was stirred at 130 qC for 30 min. Acertain amount of BMI were added under stirring and maintained 130 
qC until a clear homogeneous solution was obtained. As the solvent evaporated, they were left with a uniform melt. 
The melt was maintained by heating at 150 qC for 2 h, 180 qC or 2 h, 200 qC for 2 h and 230 qC for 4 h. The 
specimens obtained were used for mechanical and tribological testing. 
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Fig. 1. A scheme for preparation of the allyl COPNA resin 
2.3. Characterization of copolymer resin 
Fourier transform infrared spectroscopy (FTIR) spectra of samples were obtained using a FTS-3000 
spectrophotometer, American Digilab. FTIR spectra were obtained at wave numbers ranging from 4000 to 400 cm-1. 
The measured wafer was prepared by KBr pellet with a 1/100 weight ratio of sample to KBr. The resolution was set 
at 2 cm-1 for all measurements. 
Scanning electron microscope (SEM, FEI Quanta 200F) was used to study the wearing surface morphology of 
samples. These samples were mounted on the sample holder with silver paste. The fine powders were coated with a 
thin layer of gold to prevent charging. SEM micrographs were taken at an operating voltage of 15 KV.    
The weight losses of these samples were determined using thermo gravimetric analyzer (NETZSCH STA409PC, 
Germany). The samples were heated from 20 oC to 800 oC at a heating rate of 10 oC/min under a N2 flow of of 140 
cm3/min.  
Tensile strength and impact strength were obtained according to Chinese national standards GBT 1040.1-2006 
and GBT 1843-2008, respectively. The average value of the ten replicated measurements of hardness was adopted as 
the shore hardness value of the specimens. 
Friction and wear tests at ambient temperature are tested on a friction-wear testers made by Falex of America. 
The friction face of the test specimen is held in continuous sliding contact with the counter friction member in a 
ring-on-plate system. The counter friction member is carbon steel Q235 (contact area of 0.07 cm2) which is 
subjected to a surface finish with emery paper (grade 1000). All the friction and wear tests are conducted at a 
rotation speed of 200 r/min and a load of 100 N with test duration of 60 min. 
3. Results and discussion 
3.1. FT-IR of COPNA resin analysis 
FTIR spectra of naphthol and COPNA resins are investigated and shown in Fig.2. In Fig.2a, the transmittance 
bands at 1600 cm-1 represents C=C stretching vibration of aromatic ring[23]. Typical bands at 3020 cm-1 represents C-
H stretching vibration of aromatics. Phenolic hydroxyl stretching vibration is in the range of 3400 cm-1-3600 cm-1. 
In Fig.2b for COPNA resin, transmittance bands at 1695cm-1 represent C=O stretching in benzaldehyde. Typical 
bands at 2720 cm-1 and 2810 cm-1 is representative of C-H stretching vibration in benzaldehyde, while a band at 750 
cm-1 for C-H of naphthalene nucleus stretching vibration. The peak intensity of C-H stretching vibration absorption 
were obviously weakened compared to naphthol of Fig.2a due to the electrophilic substitution reaction between 
benzaldehyde and naphthol under the catalyst of p-toluenesulfonic acid. 
618   Guoliang Zhang et al. /  Procedia Engineering  102 ( 2015 )  615 – 624 
 
Fig. 2. FTIR spectra of (a) naphthol, (b) COPNA 
3.2. FT-IR of allyl COPNA-BMI copolymer resin analysis 
In Fig.3a for allyl COPNA, C=C stretching vibration is in the range of 1675-1600 cm-1 of aromatic ring. Typical 
bands at 2855-2925 cm-1 are representative of the C-H in-plane bending vibrations. Transmittance bands at 1075 cm-
1 represent C-O stretching vibration of phenol. Typical bands at 1100 cm-1 represents C-O stretching vibration of 
ether bond, while transmittance bands at 990 cm-1 and 910 cm-1 represent C=C stretching vibration of allyl group. 
This indicates that the allyl group has been introduced into the resin system[24]. In Fig.3b for allyl COPNA-BMI, C-
H of methylene stretching vibration is in the range of 3300-2700 cm-1 which is not changed obviously compared to 
allyl COPNA, but the C-O stretching vibration is  strengthened and the C=C stretching absorption vibration of allyl 
group is weakened. Typical bands at 1709cm-1 and 830 cm-1 represent C=O of imide and C=C of bismaleimide 
absorption vibrations, respectively. This indicate that the copolymerization has been happened between BMI and 
allyl COPNA[25]. 
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Fig. 3. FTIR spectra of (a) allyl COPNA (b) allyl COPNA-BMI copolymer 
3.3. Mechanical properties of copolymer resin 
The mechanical properties of the copolymer resin with various BMI contents are shown in Fig.4. It can be seen 
that the tensile strength and impact strength of the copolymer resins are improved when the BMI is kept at a proper 
level due to the maleimide structure of BMI has been introduced into the polymeric systems[26]. However, the tensile 
strength and impact strength of the copolymer resins decrease when the BMI content is high. The reason for this 
could be related to irregularly distributed part of BMI in the copolymer matrix, leading to the local stress of the resin 
system higher, and the copolymer materials is extremely brittle.  
 
Fig. 4. The tensile strength(a) and impact strength(b) of the copolymer with various BMI contents 
3.4.  Hardness of copolymer resins 
The hardness of a material is closely related to its tribological behavior[27]. Therefore, it is necessary to study the 
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effect of BMI addition on the hardness. The effect of BMI content on the hardness of copolymer resins is shown in 
Fig.5. It can be seen that the hardness increases with increasing BMI content as for its high cross-link density of 
BMI[28]. When the BMI content is 40 wt% of copolymer resin, the hardness of the copolymer reaches 98 HS, which 
is about 1.63 times of that of the pure COPNA resin. 
 
Fig. 5. Effect of BMI content on the microhardness of the copolymer resin 
3.5.  Friction and wear properties of copolymer 
Fig.6 shows the variation curves of friction coefficient with sliding time for the copolymer with various BMI 
contents. It can be seen that the friction coefficient starts with a running-in period followed by a steady-state period. 
The reason for this is that wear debris is formed between the friction surface during the running-in period, and the 
wear debris become compacted and back transferred onto the friction surface, lowering the friction coefficient in the 
steady-state period[29]. Moreover, the friction coefficient of decreases with increasing BMI content in the range of 0-
30 wt%. The friction coefficient of copolymer/BMI 40 wt% is higher than 30 wt% BMI of copolymer matrix as for 
there are a small amount of debris on its rough surface(seen in the Fig.8d). When the BMI content is 0 wt%, 10 wt%, 
20 wt%, 30 wt% and 40 wt% of samples, the friction coefficient of resins is about 0.61, 0.54, 0.44, 0.27and 0.31, 
respectivelyǄ 
 
 
Fig. 6. Variation curves of friction coefficient with sliding time for (a) pour COPNA resin and (b) allyl COPNA-BMI/10 wt%, (c) allyl COPNA-
BMI/20 wt%, (d) allyl COPNA-BMI/30 wt%, (e) allyl COPNA-BMI/40 wt% samples 
 
The abrasion rate of the copolymer resins with various BMI contents has shown in Fig.7. It is observed that the 
abrasion rate increases with the addition of BMI. When the BMI content is 30 wt% of copolymer resin, the abrasion 
rate is only 0.6015 10-6mm3/Nm, which is 0.75 times of that of the neat COPNA resin. By comparing the relation 
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between mechanical properties and tribological behavior of the copolymer, it was inferred that optimal mechanical 
strength does not coincide with optimal tribological properties. Mechanical strength is, thus, not the only factor 
determining the tribological behavior of copolymer resins[27]. 
 
 
Fig. 7. Abrasion rate of copolymer resins with various BMI contents 
3.6. SEM analysis of worn surface of copolymer resins 
The SEM images of the worn surface of COPNA resin and its copolymer under the same testing conditions are 
shown in Fig.8 a to d. It can be seen that the worn surface of COPNA resin (Fig. 8a) is very rough and shows severe 
cracking, reflecting that the resin has poor wear resistance in sliding against the steel counterpart, and its wear may 
follow a fatigue mechanism[30]. By contrast, the worn surfaces of the copolymer resins displays smooth faces with 
little wear, which agrees with the better wear resistance and low wear rates of the copolymer. A continuous 
lubricating film forms gradually on the copolymer surface with the friction process. Consequently, a lower friction 
coefficient and wear rate is reached. The worn surface of the copolymer with 10 wt% BMI shows several cracks and 
a large amount of furrows (Fig. 8a), indicating that fatigue is the dominant wear mechanism. The worn surface of 
the copolymer resin with 30 wt% BMI is relatively smooth (Fig. 8c), indicating slight adhesive wear. However, the 
worn surface of the copolymer with 40 wt% BMI shows more scuffing and spalling (Fig. 8d) due to its higher 
hardness. The reason for this could be related to the heterogenous mixture of BMI in the copolymer matrix resulting 
in the deterioration of interfacial affinity between BMI and COPNA resin, thus, reducing the lubrication effect of 
copolymer. 
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Fig. 8. SEM images of the worn surfaces of (a) allyl COPNA-BMI/10 wt%, (b) allyl COPNA-BMI/20 wt%, (c) allyl COPNA-BMI/30 wt%, (d) 
allyl COPNA-BMI/40 wt% samples 
 
3.7.  Thermogravimetric analysis 
Fig.9 shows TGA plots of the pure COPNA and its copolymer with different BMI loading. It is clearly seen that 
the COPNA resins have excellent thermal stability, and the copolymer resins have higher thermal stability with the 
increase of BMI content. The initial degradation temperature and char residue of the pure COPNA resin are 380 oC 
and 41.8 wt%, respectively. When the BMI content is 40 wt%, the initial thermal decomposition temperature of the 
copolymer 400 oC and 46.5 wt% of char residue ratio at 642 oC, respectively. This might result from maleimide 
moieties are reacted with allyl group of allyl COPNA undergoing Diels-Alder-Ene and/or alternating copolymerizat- 
ion reaction sequences[31], enhancing the thermal stability of copolymer resin. 
 
Fig. 9. Thermo-gravimetric analysis (TGA) plots of (a) pour COPNA resin and (b) allyl COPNA-BMI/10 wt%, (c) allyl COPNA-BMI/20 wt%, (d) 
allyl COPNA-BMI/40 wt% samples 
 
4. Conclusions 
Allyl COPNA-BMI copolymer resins were successfully prepared via a solution polymerization, as proven by the 
FTIR. The mechanical properties of the copolymer resins are improved when the BMI is kept at a certain level due 
to the excellent thermomechanical property properties of BMI. The tensile and impact strength of the copolymer is 
12 MPa and 13.9 MPa, respectively when the BMI loading is 20 wt%. The initial thermal decomposition 
temperature of the copolymer/BMI 40 wt% is 400 oC and 46.5 wt% of char residue ratio at 642 oC. The addition of 
BMI is also beneficial to improve the tribological properties of the copolymer resins. The lowest friction coefficient 
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of copolymer is 0.27 when the BMI content is 30%, and its abrasion rate is 0.601510-6mm3/Nm. Moreover, The 
copolymer resins obtained exhibit good thermal stability in comparison with neat COPNA resin. While the 
flexibility of the copolymer resins should be enhanced in my later research. 
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